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1.  OVERVIEW 


Three  main  areas  of  research  were  pursued  in  this  period.  The  first  was  a  continued  study  of  the 
ion  implantation  doping  of  natural  diamond,  using  dual  implantations  of  C  plus  B.  Of  special  concern 
was  the  measurement  of  resistance  versus  temperature  using  four  point  probes,  to  avoid  edge  effects 
and  contact  resistance.  The  result  of  these  measurements  was  in  general  the  elimination  of  the  low 
activation  energies  occurring  at  the  low  temperature  end  of  the  resistance/temperature  plot,  which  were 
apparently  due  to  small  edge  resistances. 

The  second  area  was  the  attempt  to  dope  natural  diamond  n-type  by  implantation  with  Na  and  Li, 
in  collaboration  with  Oak  Ridge  National  Laboratories.  Linear  Arrhenius  plots  of  logR  vs  1  A'  were 
obtained,  with  an  activation  energy  of  near  0.4  eV.  However,  the  resistivity  was  high,  and  it  increased 
on  annealing,  indicating  possible  effects  of  radiation  damage.  The  ultimate  goal  of  this  work  is  the 
diffusion  of  the  dopant  beyond  the  damaged  region,  followed  by  removal  of  the  damage  by  plasma 
etching. 

The  third  area  was  growth  of  heteroepitaxial  diamond  films  on  Cu  substrates,  using  ion 
implantation  of  C.  Both  low  temperature  implantations  followed  by  furnace  or  laser  annealing  in 
different  ambients,  and  high  temperature  implantations  were  attempted,  with  the  collaboration  of  Oak 
Ridge  National  Laboratories  and  the  Research  Triangle  Institute.  So  far,  the  growth  of  diamond  by  this 
method  has  not  been  successful. 

2.  RESULTS 

2.1  Dual  Implantations  with  C  plus  B 

Natural  diamond  was  implanted  with  C  and  B  at  77K,  followed  by  furnace  and  rapid  thermal 
anneals.  Measurements  were  made  of  optical  absorption,  RE  S/channeling  and  resistance/temperature. 
Attempts  were  also  made  to  measure  Hall  effect,  but  in  general  the  carrier  concentrations  were  too  small 
for  meaningful  results.  Earlier  resistance  results  used  two  point  probes,  with  the  contacts  located  on  the 
sample  edges.  There  are  two  disadvantages  of  this  procedure:  contact  resistance  and  a  possible  low 
edge  resistance.  We  have  overcome  these  difficulties  by  placing  four  contacts  away  from  the  edges 
(using  a  masking  method),  and  making  the  contacts  via  high  dose  B  implantations.  These  contacts  were 
metallic-like,  so  that  W  point  probes  could  be  utilized. 

Some  typical  resistance/temperature  curves  are  shown  in  Figs.  1(a)  and  1(b).  It  is  seen  that  the 
logR  vs  1 A  plots  were  almost  linear,  in  contrast  to  many  results  in  the  literature,  which  exhibited 
strong  curvature,  especially  at  the  lower  temperature  end.  We  attribute  this  curvature  to  edge  resistance 
effects.  In  Fig  1(a),  the  curvature  seen  at  the  high  temperature  end  was  also  present  before 
implantation,  and  is  suggestive  of  a  nitrogen  donor  level. 


1«M/T 

Fig.  la:  Arrhenius  plot  of  R(T)  for  type  lla 
diamond  co-implanted  with  carbon  plus 
5  X  10*^/cm3  boron  followed  by  RTA  at  950°C. 


Fig.  lb:  Arrhenius  plot  of  R(T)  as  in  Fig. la 
but  with  a  higher  boron  dose  (1.5  xlO^O/cm^). 


2.2  Implantation  for  n-type  diamond 


Motivation 

Diamond  is  a  wide  band  gap  semiconductorAnsulator.  It  has  been  known  for  some  time  that  naturally 
occurring  substitutional  boron  impurity  results  in  a  shallow  acceptor  level  approximately  0.37  eV  above 
the  valence  band.  We  have  previously  reproduced  this  effect  by  implanting  boron  into  nominally  pure 
single  crystal  diamond  samples.  In  the  present  work  we  are  studying  the  effects  of  other  implanted 
impurities  on  the  electronic  levels. 

Theoretical  calculations  predict  that  lithium  and  sodium  should  be  interstitial  donors  in  a 
diamond  lattice  with  donor  levels  around  0.1  eV  and  0.3  eV  respectively.^  Successful  doping  of  lithium 
into  single  crystal  diamond  has  been  reported,  but  the  fact  that  implantation  damage  also  gives  n-type 
behavior  introduces  doubt.23  The  conduction  behavior  due  to  the  lithium  implantation  disappeared 
after  thermal  annealing.  This  could  be  a  result  of  either  lithium  diffusion  or  damage  recovery.  An 
advantage  of  sodium  doping  would  be  less  diffusion. 

Procedure  and  Results 

Sodium  was  implanted  into  type  Ila  single  crystal  diamonds.  The  implantations  were  done  using  several 
different  incident  energies  in  order  to  produce  a  wide  uniformly  dop^  layer  (Figs.  2a  and  2b).  Total 
dopant  concentration  was  limited  by  the  amount  of  implantation  damage  which  could  be  recovered  by 
thermal  aruiealing.  This  limit  has  b^n  determined  in  previous  studies. 


DcpUl  (A)  Depth  (A) 


Figure  2a:  Implanted  sodium  ion  distribution  Figure  2b:  Vacancy  distribution  resulting 

simulated  by  TRIM.  ^m  sodium  implantation  (TRIM  simulation). 

Contact  to  the  implanted  layer  was  achieved  by  high  dose  implantation  of  boron  at  the 
edge  of  the  implanted  region.  ITie  effect  of  this  implantation  is  the  amorphization  of  the 
diamond  to  a  certain  depth  controlled  by  the  implant  energy.  After  thermal  annealing  and 
chemical  removal  of  graphite  with  chromic  acid,  the  diamond  is  etched  down  to  the  doped 
layer  and  a  highly  conductive  spot  is  left  as  a  contact  Ohmic  contact  can  be  achieved  by 
placing  tungsten  probes  on  these  spots. 

The  implanted  layer  is  electrically  isolated  by  the  surrounding  unimplanted  region  of  the 
diamond.  The  resistance  between  two  contacts  on  an  unimplanted  crystal  is  typically  several 
orders  of  magnitude  greater  than  after  implantation. 

The  activation  of  free  carriers  from  a  bound  level  in  diamond  has  been  estimated  by 

most  authors  by  equation  (la).  In  this  case  electrons  (n  s  free  electron  concentration)  are 
activated  from  an  impurity  donor  level  Eq  below  the  conduction  band  minimum. 


n(n+NA) 

Nd-Na-h 


'27cm*kT^^ 

h2  j 


expC-Eiykl^ 


(la) 


This  equation  takes  into  account  the  concentration  of  donors  (Nq)  and  the  concentration  of 
compensating  acceptors  (Na)-  The  free  electron  concentration  can  be  measured  through  the 
Hall  coefficient  (R)  by 


n  =  (lb) 

where  the  mobility  ratio  Is  often  taken  as  3ji/8.  Equation  (la)  is  useful  in  two 
temperature  ranges.For  T— >«»,  which  for  diamond  is  effectively  1250  ^C,  n  tends  to  N^-Na- 
For  temperatures  much  less  than  1250  ^C,  n  «  Np  or  Na  and  eq.  (la)  reduces  to 

n  oe  T^/2exp(-EE)/kT).  (Ic) 

A  plot  of  k(ln(n)-3/21nT)  vs.  1/T  should  therefore  be  a  straight  line  of  slope  Ep. 

The  ionization  energy  for  electrons  bound  by  a  donor  level  Ej)  below  the  conduction 
band  minimum  can  also  be  estimated  from  temperature  dependent  conductance  measurements. 
The  conductivity  is  related  to  the  free  electron  concentration  by 

o  =  neHc.  (Id) 

From  equation  (Ic)  we  have 


o  oe  exp(-EiykT),  (le) 

if  the  temperature  dependence  of  Pc  goes  as  T*2/2.  in  fact,  bas  been  measured  to  have 
approximately  this  temperature  dependence,  and  since  the  exponential  function  dominates  the 

temperature  dependence  in  a,  this  approximation  is  reasonable.^ 

The  resistance  of  the  sodium-implanted  layer  between  two  contacts  (away  from  the 
edges)  was  measured  as  a  function  of  temperature  (Fig,  3a),  The  data  were  analyzed  by  fitting 
to  the  above  conduction  thewy.  Plots  of  ln(R)  vs  l{X)0/r  from  50  °C  to  500  show  a  linear 
behavior  which  suppcats  the  theory.  The  slope  of  these  curves  give  E£)/k  and  the  y-intetcept 
of  the  extrapolated  line  gives  what  shall  be  called  R(oo),  which  should  be  related  to  the  total 
donor  concentration.  The  initial  measurement  also  served  as  a  500  anneal,  which  resulted 
in  a  change  in  both  the  optical  and  electrical  characteristics  of  the  sample.  Further  annealing  to 
1 1(X)  oC  for  10  seconds  resulted  in  a  continuation  of  this  trend  (figs.3a  and  3b).  These  results 
were  repeated  on  a  second  sample. 

Optical  absorption  was  used  as  a  qualitative  measiue  of  the  damage  in  each  sample. 
Vacancies  created  by  ion  implantation  result  in  optical  absorption  in  the  UV-visible  spectrum 
above  the  223  nm  bandgap  (Fig.  3b).  Increase  in  the  percent  transmission  in  this  range 
represents  a  decrease  in  the  vacancy  density,  probably  due  to  vacancy-interstitial 
recombination. 

SIMS  analysis  was  performed  on  several  implanted  samples.  The  SIMS  profiles  of  the 
diamcmds  implanted  below  50  agreed  with  the  expected  dopant  distribution  as  determined 
by  TRIM  simulation  (fig.  la).  Analysis  of  implantations  performed  at  elevated  temperatures 
\^1  be  obtained  socm.  After  performing  the  thermal  anneals  described  below,  no  measurable 
diffusion  was  discerned. 


Figure  3a:  Aniienius  plots  of  R(T)  showing  Figure  3b:  Optical  transmission  through 

activation  energy  of  conduction  mechanism  sample  in  fig.  3a  after  various  anneals. 

+'or  Na'*'  implanted  at  77  K  followed  by  annealing. 


Sample  B  was  implanted  at  25  ^C.  The  initial  electrical  behavior  was  similar  to  the  samples 
implanted  at  low  temperature.  A  30  minute  armeal  at  950  resulted  in  a  degradation  of  the  sample 
conductivity;  an  activation  energy  was  determined  from  350  to  500  ^C. 

Sample  C  was  implanted  at  550  OC  and  then  cooled  to  room  temperature.  This  sample  exhibited  a 
single  conduction  mechanism  with  a  well  defined  activation  energy,  0.415  eV,  from  50  to  500  (fig. 
4a).  There  was  no  effect  on  the  electrical  behavior  due  to  further  annealing  at  500  °C. 


Figure  4a:  Sample  C:  Arrhenius  plot  of  R(T) 
showing  activation  energy  of  conduction 
mechanism  for  Na+  implantation  at  550  ^C. 


Figure  4b:  Sample  E:  Arrhenius  plot  of  R(T) 
showing  activation  energy  of  conduction 
mechanism  for  Ne"*"  implantation  at  77  K. 


Sample  D  was  implanted  at  910  and  then  cooled  to  room  temperature.  This  sample  showed  the 
least  amount  of-optical  ab^rption.  The  resistance  was  so  high  that  ohmic  contact  could  not  be  achieved  at 
room  temperature.  An  activation  energy  was  obtained  above  365  ^C.  The  results  of  the  Na  implants  are 
summarized  in  Table  1. 

In  order  to  isolate  the  effect  of  implantation  damage  on  the  conduction,  sample  E  was  implanted 
with  neon  22  at  77  K.  Neon,  having  all  filled  orbitals  should  not  act  as  an  electron  donor  as  is  exacted  in 
the  case  of  sodium  with  its  one  loosely  bound  electron.  On  the  other  hand,  neon  22  and  sodium  23,  being 
nearly  the  same  mass,  should  create  the  same  implantation  damage  profile  under  identical  implant 
conditions.  The  neon  implanted  sample  exhibited  similar  electrical  characteristics  to  those  observed  for  the 
sodium  implants  (fig.  4b). 


Table  1:  Ep  and  R(Q)  as  a  function  of  implant  and  anneal  temperature. 


Na+  Implant 
Temperature 

Anneal  Temperature 

250c 

500  OC 

1000  OC 

950  OC 

-196  oC 

.41  eV,  73  ld2 

.46  eV,  49  k£2 

.48  eV,  729  kS2 

-196  oC 

.40' eV. '1(55  kCl 

.48  eV,  36 

25  oC 

.43  eV,  Si'kCl 

.45  eV,  48  kii 

.64  eV,  294  kCl 

550  oC 

.415  eV,  73  kfl 

.415  eV,  73  kil 

910  oC 

.66  eV,  l04  kii 

-196  0C(Ne+) 

.46  eV,  133  kQ 

.58  eV,  20  kii 

Discussion 

The  electrical  resistance  measurements  support  the  model  of  a  single  impurity  level  being 
introduced  by  implantation  of  sodium  into  natural  diamond.  The  diamond  is  expected  to  be  n-type  but 
the  high  resistance  of  the  implanted  layer  in  conjunction  with  a  low  Hall  mobility  has  made  Hall  effect 
measurements  impossible  at  this  time.  A  high  temperature  Hall  effect  system  is  being  designed  with  the 
hope  of  decreasing  the  noise  associated  witlfi  high  impedance  samples. 

Thermal  armealing  has  produced  two  measurable  effects  that  may  be  related.  Optical 
measurements  shows  a  decrease  in  the  optical  absorption  of  the  implanted  layer  aher  annealing.  It  has 
been  observed  by  RBS/channeling  that  this  effect  is  associated  with  a  recombination  of  vacancy/interstitial 
pairs  in  the  damaged  region.  Electrically  we  see  that  R(«»)  increases  after  the  950  °C  and  1 100 
anneals;  this  shows  a  decrease  in  the  number  of  donor  centers.  With  the  fact  that  no  sodium  diffusion  was 
seen  in  the  SIMS  measurement,  this  suggests  that  the  damage  is  somehow  responsible  for  the  conduction 
mechanism.  This  conclusion  is  supported  by  the  fact  that  neon  22,  which  should  not  contribute  any  free 
electrons,  produced  similar  results  when  implanted  under  identical  conditions.  Previous  results  however, 
both  of  our  own  research  and  work  by  other  groups,  found  ion  implantation  damage  to  give  a  much  lower 
activation  energy  (typically  ED<0.1eV). 

Lower  temperature  implantations  showed  a  slight  change  in  the  electrical  behavior  after  a  500 
anneal.  The  500  anneal  also  resulted  in  some  damage  recovery.  The  slight  decrease  in  R(oo)  may  be 
misleading  in  that  the  slope  of  the  lines  increased  slightly  and  the  extrapolation  of  this  line  to  zero  is  only 
a  rou^  analysis  of  the  donor  concentration.It  should  be  noted  that  the  samples  never  exhibited  a  decrease 
in  resistance  due  to  thermal  annealing. 

It  has  been  mentioned  that  the  implantation  dose  is  effectively  limited  by  the  amount  of 
implantation  damage  that  can  be  recovered  by  thermal  annealing.  Higher  temperature  implantation 
allowed  introduction  of  the  dopant  with  less  damage  accompaniment  This  effect  allows  implantation  to  a 
higher  dopant  concentration.  The  dopant  amount  can  also  be  increased  by  iterative  steps  of  implantation 
followed  by  annealing. 

The  implant  temperature  also  had  an  effect  on  the  electrical  characteristics  of  the  doped  layer. 
Implantation  at  550  resulted  in  the  same  type  of  electrical  behavior  as  was  observed  in  the  lower 
temperature  implants  but  proved  stable  to  annealing  at  500  ^C.  Implantation  at  910  yielded  a  result 
different  from  the  lower  temperature  implants.  The  layer’s  high  resistance  at  room  temperature  prevented 
obtaining  ohmic  contact  so  the  conduction  mechanism  at  lower  temperature  could  not  be  investigated. 
Above  365  ^C,  ohmic  contact  was  achieved  and  an  activation  energy  was  measured  similar  to  that  observed 
at  high  temperature  for  the  sample  implanted  at  room  temperature  and  aimealed  to  950  °C. 


2.3  Heteroepitaxial  growth  of  diamond 


A  novel  ion  beam  method  for  growth  of  diamond  on  Cu  crystals  has  been  reported  by  Prins  and 
Gaigher^  and  by  Narayan  et  al.  This  method  consists  basically  of  implanting  C  into  a  material  that 
has  a  very  low  solubility  for  C  but  a  good  lattice  match  to  diamond.  If  the  implantation  is  done  at  high 
temperatures  where  the  implanted  C  atoms  are  mobile,  the  Cu  lattice  will  reject  the  C  atoms,  resulting  in 
diffusion  of  the  C  to  the  surface  and  formation  of  an  epitaxial  diamond  film.  Success  in  this  method  has 
been  reported  by  Prins  and  Gaigher^,  who  implanted  C  into  Cu  at  elevated  temperatures  (up  to  9(X)®C), 
and  a  patent  has  been  issued.  However,  up  to  now  single  crystal  diamond  has  not  been  formed  on 
single  crystal  samples  of  Cu  by  this  method.  It  appears  that  the  preparation  of  the  Cu  surface  is  very 
important  in  such  experiments,  since  the  presence  of  a  very  smaU  amount  of  graphitic  carbon  on  the  Cu 
surface  will  cause  nucleation  of  graphite  rather  than  diamond.  A  similar  method  was  reported  by 
Narayan  et  al.^,  whereby  the  C  ions  were  implanted  into  single  crystalline  Cu  at  room  temperature,  and 
the  Cu  was  subsequently  excimer  laser-annexed  to  achieve  monocrystalline  films  of  diamond  of  about 
50  nm  thickness.  Difficulties  in  reproducing  these  latter  results  are  probably  related  to  the  critical  laser 
pulse  energy  and  duration,  and  to  die  fact  that  the  diamond  is  buried  near  the  Cu  surface,  so  that  delicate 
etching  is  required  to  reveal  it.  Similar  experiments  have  been  performed  using  Ni  substrates,  but  in  the 
case  of  Ni,  carbide  formation  occurs,  which  is  clearly  detrimental. 

We  have  implanted  single  crystalline  and  polycrystalline  Cu  with  C  ions  (at  MCNC  and  ORNL)  at 
both  low  and  high  temperatures,  in  vacuum  or  under  H  ambient.  The  samples  that  were  implanted  at 
low  temperatures  were  annealed  in  UHV  or  under  H  gas,  and  excimer  laser  annealing  was  also 
perform^.  Characterization  of  the  samples  was  by  microscopy,  XPS,  RBS/channeling  and  Raman 
scattering.  Although  different  features  on  the  Cu  surface  were  observed,  and  it  was  clearly  shown  that 
the  C  had  diffused  to  the  surface,  no  evidence  for  diamond  nucleation  has  so  far  been  seen. 

An  example  of  XPS  data  for  a  Cu(l(X))  crystal  after  implantation  at  293K  with  10^^  C  ions/cm^  at 
125  keV,  followed  by  annealing,  is  given  in  Fig.  5.  The  data  show  that  after  annealing  at  89()®C  for  1 
h  in  UHV,  a  strong  Cu  Auger  signal  was  present,  as  weU  as  a  C  signal,  indicating  that  only  a  thin  layer 
of  C  atoms  had  diffused  to  the  surface.  However,  after  annealing  for  1  h  at  908OC,  the  Cu  signal  had 
almost  disappeared,  and  the  C  line  was  stronger,  indicating  that  the  C  surface  layer  was  sufficiently 
thick  to  block  the  Cu  signal.  Scanning  electron  microscopy  images  of  the  sample  after  this  anneal 
showed  a  network  structure  of  carbon  on  the  surface  (Fig.6).  Raman  spectra  showed  no  evidence  of 
the  characteristic  1332  cm*l  diamond  line  in  these  samples. 

For  samples  implanted  hot  in  hydrogen  gas,  similar  data  were  obtained.  The  Raman  spectra 
indicated  microcrystXline  graphite,  as  shown  in  Fig.  7.  The  strong  signals  seen  at  1350  cm'l  and  1590 
cm"^  have  been  observed  previously  for  CVD  diamond-like  layers' .  It  should  be  noted  that  the  Raman 
cross  section  for  graphite  at  1580-1590  cm'^  is  about  50  times  larger  than  that  for  diamond  at 
1332  cm'l,  so  that  it  is  difficult  to  observe  a  small  fraction  of  diamond  in  a  graphite  layer. 

These  results  show  that  the  C  implantation  of  Cu  samples  at  low  temperature,  followed  by 
annealing,  or  C  implantation  at  elevated  temperatures  does  produce  a  diamond-like  layer  of  C  on  the 
surface,  but  that  the  critical  conditions  for  monocrystalline  diamond  growth  were  not  achieved. 
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I  ig.  5.  XPS  spectra  for  a  Cu(l(X))  crystal,  implanted  with  10'^  C  ions/cin^,  afier  iitincaliiig  ai  SMO**!' 
and  9<)80C. 
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Fig.  6.  Scanning  electron  micrograph  of  the  Cud  00) 
crystal  of  Fig.  5  after  the  908°C  anneal. 
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Fig.  7.  Raman  spectrum  of  a  Cu  single  crystal  after  implantation  with  C  to  10’*  lons/cm^  m  H;  g-s  at 
90(PC. 
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